Mesozoic volcanic rocks exposed in the Songliao basin form a major part of the basin fill and are the important petroleum reservoir rocks. Petrogenesis of these volcanic rocks and their tectonic setting, however, are poorly understood due to lack of sufficient chemical and isotopic data. These volcanic rocks cover a wide compositional spectrum ranging from basaltic trachyandesite to high-silica rhyolite. They can be divided into two formations, the upper Jurassic Huoshiling formation (157-146 Ma) with dominant dark gray andesite and the lower Cretaceous Yingcheng formation (136-113 Ma) with dominant yellowish rhyolite. Compositionally, these rocks are peraluminous to metaluminous, high-K to medium-K, calc-alkaline. They are enriched in large-ion lithophile and light rare earth elements, depleted in high field strength and heavy rare earth elements, and commonly display negative anomalies of Nb, Ti and P. 
INTRODUCTION
Sedimentary basins and mountain ranges formed in the Mesozoic produce the predominant structural relief of NE China (e.g., Cheng et al., 1990) , though the relationship between the mountain building and the basin formation are not well understood yet. Mesozoic volcanic and pyroclastic rocks comprise a major part of the mountains and the early basin fills. They are also the important reservoir rocks in the Songliao basin. Three hypotheses have been previously proposed for the geodynamic setting of the volcanic series in the Songliao basin. Traditionally, they are considered as products in a continental rifting environment (e.g., Liu et al., 1993; Liu and Ma, 1998) . Other interpretations in contrast considered them as products in an active continental setting related either to the subduction of the Pacific plate under the Eurasia Previous studies performed on the Songliao Basin have focused mainly on stratigraphy, petrology, and geophysical characteristics (Zhu et al., 1997; Cheng et al., 1997; Zhao et al., 1998; Wang et al., 1999; Shan et al., 2000; Wang et al., 2002) , studies on isotopic and geochemical signatures of these volcanic rocks are still lacking. This paper presents the first data of geochemical and Nd-SrPb isotopic compositions of the Jurassic and Cretaceous volcanic rocks in the Songliao basin and gives a preliminary interpretation for genesis of the volcanic rocks that are essential for tectonic reconstruction of the NE Asia in Mesozoic.
GEOLOGICAL SETTING AND SAMPLES
The Songliao basin is situated on the Mongolia-North China block (Fig. 1) . To the north, this basin is bounded to the Mongolia-Okhotsk collisional belt. This belt formed when the Mongolia-Okhotsk ocean was closed during early Jurassic to the Jurassic-Cretaceous transition (Zhao et al., 1990; Sengör and Natal'in, 1996) . Magmatism, as well as thrusting and folding, related to this collisional event are widespread throughout Mongolia and easternmost Russia (Zorin, 1999) . This long-lived suturing event first started in the west (Mongolia) and ended in the east at the present-day Okhotsk Sea. The Nenjiang and Jiayi fault (Fn and Fj in Fig. 1 ) separate the basin from the Daxingan and Zhangguangcai mountain ranges, respectively. The southern boundary of the basin is the Xilamulun fault (Fx in Fig. 1 ) that represents a late Permian suturing between the Mongolia and North China plates (Wang and Fan, 1997; Zhang et al., 1999) . The underlying basement is considered to comprise mainly Paleozoic marine metasediments (slates and phyllites), Paleozoic carbonates, andesites and granites, as well as Precambrian gneisses and schists . However, a recent study shows that the Precambrian rocks are actually absent in the basement beneath the basin and the gneisses and schists are mainly deformed Paleozoic magmatic rocks (Wu et al., 2001) . Yanshan range Z h a n g g u a n g c ia r a n g e X ia o x in g a n D a x in g a n r a n g e (Taylor and McLennan, 1985) normalized ratio of Eu/((Sm + Gd)/2).
The Songliao Basin is predominantly composed of volcanic rocks of late Jurassic and early Cretaceous age (Wang et al., 2002) . The thickness of the volcanic succession ranges from 1300 m to 2800 m as revealed by the drilling. It comprises most of the lower part of the basin fill Wang et al., 1996) . The volcanic rocks are overlain by an Albian to Maastrichtian sedimentary sequence of up to 6000 m in thickness (Gao, 1995; Wang et al., 1996) .
A geological reconnaissance of the Mesozoic volcanic succession within and around the Songliao Basin has been recently carried out based on the outcrops and related drill cores. The sampling in this study benefited from unpublished maps of the distribution of the Mesozoic volcanic rocks summarized in an unpublished report by the Daqing Oil Company. According to the temporal and spatial distribution of the volcanic rocks, seventeen representative samples are chosen for geochemical and isotopic analyses, which were collected from outcrops and drillholes of the basin as well (localities see Fig. 1 ). The ages of these volcanic rocks have been constrained by available 40 Ar/ 39 Ar and K/Ar data (Wang et al., 2002) . For a comparison with the Mesozoic volcanic rocks, a Permian marine metasediment sample (sample Ms257) and an intercalated andesite (sample An249) within the Permian metasediments were also collected for analysis, as the upper crust of the study area consists predominantly of the Permian metasediments (Jilin Geological Survey, 1988; Heilongjiang Geological Survey, 1993) .
The Jurassic volcanic rocks are composed of rhyolite, andesite, trachyte, trachyandesite and basaltic trachyandesite, while the Cretaceous rocks are rhyolite, perlite, dacite, andesite, basaltic trachyandesite and tephrite (after classification of LeMaitre et al., 1989) . All these volcanic rocks are porphyritic and phenocryst-poor (less than 5%), except the Jurassic rhyolite containing phenocryst up to 30%. The phenocryst assemblages are complex, commonly with quartz, feldspar (sanidine, anorthoclase and plagioclase), biotite, hornblende, magnetite, ilmenite and pyroxene. Cumulophyric intergrowth is common amongst the phenocrysts.
ANALYTICAL METHODS
Major elements were determined by chemical methods and trace elements were analyzed by X-ray fluorescence technique at the analytical centre of the Jilin University, China. Rare earth elements (REE) were determined with an Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) at Jilin Institute of Geology, China. Detection limits of the analysed elements are given in Table 1 . Analytical precision (standard deviation) was <5% for trace and rare earth elements. Concentrations of Sm, Nd, Rb, Sr, Th, U and Pb were analyzed using dilution method and isotopic compositions of Sr, Nd, Pb and O were measured using Finnigan MAT262 and MAT252 mass spectrometers at Universität Tübingen, Germany. Analytical procedures are outlined in . 143 144 Nd = 0.512135 ± 10 (2σ, n = 3) and the NBS 987 Sr standard yielded 87 Sr/ 86 Sr = 0.710256 ± 10 (2σ, n = 5). The Pb standard NBS 981 was measured for the determination of the thermal fractionation of Pb isotopes, and the isotopic ratios were corrected for 0.11% fractionation per atomic mass unit. For the measurement of O isotopes, about 95-100% of oxygen was yielded at a reaction temperature of 550°C (Clayton and Maveda, 1963) . The ratios are reported in the δ-notation relative to Vienna Standard Mean Ocean Water (V-SMOW). Pre- (Maniar and Piccoli, 1989) (Irvine and Barager, 1971). cision is better than ±0.1‰ based on replicate analyses of both in-house standard (NCSU quartz, δ 18 O = 11.6‰) and samples.
ANALYTICAL RESULTS
Major and trace element data are given in Table 1 . Volcanic rocks from both the Jurassic and Cretaceous are wide ranging in composition, covering peraluminous and/ or metaluminous, high-K and/or medium-K, and potassic calc-alkaline. Tholeiitic sample An122 (Fig. 2B ) might be altered since it has low Na 2 O and high LOI contents. Primitive mantle normalized trace element data are plotted in order of decreasing incompatibility from left to right (Fig. 3) . The normalized patterns show that the rocks are enriched in incompatible elements. Most of the samples have negative anomalies in high field strength elements like Nb, Ti and P. Not significant anomalies in Zr and Y can be observed in almost all the studied samples. All the samples (Fig. 3) show positive Pb anomaly. Negative anomalies of Sr can be observed for all the Cretaceous volcanic rocks (Figs. 3D, 3E and 3F), whereas the Jurassic volcanic rocks exhibit positive anomalies of Sr (Figs. 3B and 3C) except for the rhyolites (Fig. 3D) . The Cretaceous volcanic rocks show negative anomalies of Ba similar to Sr (Figs. 3E and 3F ), but the Ba-content of the Jurassic volcanic rocks vary irregularly from each other. Some intermediate volcanic rocks show significant positive Th anomaly (Figs. 3B and 3F ). Chondrite-normalized rare earth element patterns show distinct fractionation between light rare earth elements (LREE) and heavy rare earth elements (HREE) in the analyzed samples (Fig. 4) , indicated by the values of La N /Sm N ratio ranging from 2.48 to 5.64 (mean 3.62) and the values of Gd N /Yb N ratio ranging from 1.26 to 2.48 (mean 1.73). All the acidic volcanic rocks show significant negative Eu anomaly regardless of geological age (Fig. 4C) Fig. 8 ; Brownlow, 1996) . The analyzed samples show a large variation in oxygen isotope composition with δ 18 O-values ranging from 3.24‰ to 14.77‰. The volcanic rocks and the Permian metasediment and andesite as well are characterized by young Nd-model ages ranging from 1000 and 400 Ma. The Jurassic andesite (An157) has the youngest Nd-model age of 400 Ma. Sun and McDonough (1989) . (Cohen and O'Nions, 1982) , dash lines include E-MORB-source.
Fig. 4. Chondrite-normalized REE plots for the Mesozoic volcanic rocks of the Songliao basin. Normalization values after

Fig. 5. Nd-and Sr-isotope compositions of representative volcanic rocks of the Songliao basin. Sample An249 is the Permian oceanic andesite. Sample Ms257 is the Permian metasediment. MORB: mid-ocean ridge basalt
MAGMA SOURCE OF THE JURASSIC AND CRETACEOUS VOLCANIC ROCKS
According to the Jilin Geological Survey (1988) and Heilongjiang Geological Survey (1993), the Permian andesite is interbedded with deep marine sediments and may represent an island arc volcanic rock. This interpretation seems to be supported by the andesite sample An249 that has high initial ε Nd value of 3.4 and Mg*-value of 0.76. Nevertheless, the magma must have experienced mixing or contamination of crustal material as indicated by its negative anomalies of Nb, Ti, Zr and P as well as Sr and Ba ( Fig. 3A; cf., Benito et al., 1999) . Negative Eu-anomaly of this sample can be attributed to fractional crystallization of plagioclase. Sr and Nd isotopic compositions of the Jurassic andesite (sample An157) are similar to that of the Permian oceanic andesite (Fig. 5A) . The former also has a high Mg*-value of 0.65 and is further characterized by low 87 Sr/ 86 Sr and high 143 Nd/ 144 Nd ratios, compared with other Jurassic volcanic rocks. Like the Permian andesite, the Jurassic andesite (sample An157) could derive directly from an E-MORB-like magma source. This interpretation can be supported by regional tectonic settings. A mid-Jurassic ophiolite has been recognized in the adjacent area of the Songliao basin (Zhao et al., 1996) , indicating the occurrence of subduction prior to the late Jurassic volcanism in the region.
In the Nd-Sr diagram (Fig. 5A ), all the Jurassic volcanic rocks are plotted between the MORB area and sediments probably represented by the Permian metasediment (sample Ms257). If the Permian metasediment (Ms257) is used as one of the end members, the subducted sediment, and model compositions of mantle and MORB of Taylor and McLennan (1985) are considered for the other end member, a mass ratio of MORB/subducted sediment for the magma source can be estimated at about 16:1 to 10:1. However, no simple correlation can be observed between the volcanic rocks and the MORB/subducted sediments in the ( 87 Sr/ 86 Sr) i vs. ( 206 Pb/ 204 Pb) i plot (Fig. 8) . This can be caused by different movability of Pb, Th, and U during the subduction of oceanic crust and sediments (Allegre et al., 1986; Fontignie and Schilling, 1996; Chen et al., 2002 ). Another case is that the subducted sediments have more variant Pb composition the Permian metasediment (Ms257). The Jurassic volcanic rocks have more heterogeneous Pb isotopic composition than the Cretaceous ones. A negative correlation between initial 87 Sr/ 86 Sr ratios and magmatic differentiation index (Fig. 6A) suggests that magmas of the Jurassic volcanic rocks escaped from contamination by crustal material during the magma ascending. The Jurassic andesite (sample An157) and the Permian oceanic andesite are plotted far from the other Jurassic samples (Fig. 6A) , suggesting a derivation from a separate magma source. Sample An157 also shows unique el- 
Table 2. Measured (m) and initial (i) isotopic compositions of representative volcanic rocks in the Songliao basin, NE China
ement signatures, such as no negative Nb-and Ti-anomaly and minor positive Zr-anomaly, likely implying high fraction of MORB component in the magma source. The Nd-Sr isotopic composition shows that both the Jurassic and Cretaceous volcanic rocks fit in mixing curve of two components (Figs. 5A and 5B). However, there are differences between the volcanic rocks forming in different magma episodes. Most of the Cretaceous volcanic rocks are more homogeneous than the Jurassic volcanic rocks, as indicated in Sr, Nd, Pb, and O isotopic compositions and geochemical compositions of the analyzed samples. Nb/Y ratios range from 0.63 to 1.43 for the Jurassic andesite but from 0.82 to 0.84 for the Cretaceous andesite. It is commonly accepted that variation in the values of Nb/Y ratio can be attributed to the heterogeneity of magma source (e.g., Elburg and Foden, 1999) . A mean value of initial 87 Sr/ 86 Sr ratio of 0.70484 is obtained from six Jurassic samples (Fig. 5A ) and 0.70465 from five Cretaceous samples (Fig. 5B) (Figs. 3E and 3F ). The Cretaceous acid volcanic rocks seem to be slightly contaminated by crustal material during the magma ascending. Differences in oxygen and Sr isotopic signatures between the Jurassic and Cretaceous volcanic rocks can be obviously observed in Figs. 6 and 7. Magmatic differentiation in source region is clearly indicated in basaltic trachyandesite, tephrite, andesite, and dacite, while rhyolites show contamination in some extend. Rhyolite sample Rh126 has low initial ε Nd -value and Rb/Sr ratio but high δ 18 O value, probably suggesting lower crustal assimilation (e.g., Brownlow, 1996) . Sample Tr146 has lower δ 18 O value (4.26‰) can imply later imprint by meteoric water. The Jurassic and Cretaceous volcanic rocks have similar Pb isotopic composition (Fig. 8) , showing involvement of MORB material in the magma sources.
PETROGENESIS AND POSSIBLE TECTONIC SETTING
Possible petrogenesis for the Jurassic and Cretaceous volcanic rocks exposed in the Songliao basin is summarized in a sketch diagram (Fig. 9 ) for further discussion below. As shown above, geochemical and isotopic characteristics are different for the Jurassic and Cretaceous magma sources. There were probably two types of primary magmas for the Jurassic volcanic rocks: an E-MORB-like and a metasomatized one. The former is char- Gast et al., 1964) . (Gast et al., 1964) plots of the volcanic rocks of the Songliao basin.
Fig. 7. δ 18 O values (in ‰ relative to V-SNOW) versus MDI
acterized by high initial ε Nd values and low 87 Sr/ 86 Sr ratios, while the latter exhibit Sr-Nd isotopic composition similar to the bulk earth. For the Cretaceous volcanic rocks, only one type of primary magma source can be observed, which is characterized by moderate initial ε Ndvalue and 87 Sr/ 86 Sr ratio. Nevertheless, it is very possible that two secondary magma chambers formed in the upper and lower crust. This interpretation may be supported by the fact that there are several layers of low seismic velocity (Vp < 6.0 to 6.4 km/s) and low electric resistivity (3 to 8 Ωm) between depth range of 10 to 30 km under the Songliao basin (Zhang et al., 1998; Yang et al., 1999) .
Previous explanations on the tectonic setting for the formation of the volcanism in the Songliao basin can be summarized in either continental rifting or subductionrelated model. However, either tectonic model has to consider following observations: (a) The youngest recognized ophiolite complex, east of the Songliao basin, dated at 169 ± 6 Ma, represents part of a middle Jurassic suture of the Mongolia-Okhotsk belt (Zhao et al., 1996) . By the mean of palaeotectonic reconstruction, Sengör and Natal'in (1996) have shown that the collision at the Mongolia-Okhotsk suture should have lasted from early Jurassic to the Jurassic-Cretaceous transition and ended before Albian. (b) A thick coal-bearing clastic sequence formed during late Jurassic and early Cretaceous (Wang et al., 2002) . The interbedded volcano-clastic succession is distributed approximately parallel to the MongoliaOkhotsk suture zone. On top of the succession exists a regional hiatus above that is a basin-wide, oil-bearing sedimentary sequence up to 6000 m of NNE-strike , suggesting a sharp change of the tectonic regime. (c) Geochemical and isotopic characteristics of the volcanic rocks show mixture signature of MORB and crustal material, similar to volcanic rocks forming in arc settings (e.g., Hess, 1989) . (d) Significant differences in geochemical and isotopic compositions between the Jurassic to Cretaceous volcanic rocks shows increasing involvement of MORB material with time, probably suggesting a decreasing influence of subduction component on the magma sources. Although the sedimentary sequence overlying the Jurassic and Cretaceous volcanic succession, which formed in different tectonic setting, is commonly accepted to be controlled by the subduction of the Pacific plate (e.g., Wang et al., 1993; Gao, 1995) , this tectonic event can hardly explain the formation of the volcanogenic succession under the heretofore observations. In this case, we favor a post-collisional setting for the enormous Jurassic-Cretaceous volcanic activity, Doe and Zartman (1979) . MORB is shown for comparison (Mukasa et al., 1994) . as the collision along the Mongolia-Okhotsk suture ended about 10 Ma earlier than the volcanism in the Songliao basin.
